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ABSTRACT

The potential s zere ohargs for an isdeaxr folarized sisctrcde, as
measured wiih reapect %Yo some refsrsrcs siectircde, varise lineariy with ths
work function of +he metai, whiie %this potential for a reversiblie slectirode
1s independent of the naturxe of the viectrode. This observation is verified
experinentally for ag, Cd, Gu, Ga, Hg, Ni, Pb, Pt, and T1 in the case of ideal
polarized eliesctrodes and for Ag, Au, Bi, Cu, Hg, and Pt for :eversible elec~-
trodes. It 1s shown that the difference bstween the Volts potentials from
electrode to solution for an ideai polarized electrode at zero charge is
approximately «0.,3% volt, and that the difference between the Galvani poten-
tials i3 equal w0 the surface potential of the electrode. The difference of
Volta potentials for a revcrsibie electrode at zero charge varies linearly

with the electronic work function of the metal.

B v e T = e G o - v

INTRODUCTION

The potential at which the charge at the interface electrcds - solution
is equal to zero can be detsrmined experimentally for conditions under which
electron transfer across the interface is either possible or virtuaily imposa-
sible. Deteruninations in which electron transfer is possible are carried out
with a reversible electrode. Measurements for which sisctron tranafer is vir-
tually imposeible are made with what Grahamaz’ 3 has calied en "ideal polarized

slectrode". A mercury elecirode in an electrolyte to which no mercurcu. ions

1 Postdoctoral fellow 1553-54.,

2 Doco Graham° and RoBo 'i'v'hi'hney‘,, lJo am. chemc -SCC., ﬁ, 1548 (1942)0

5 D.C. Grahamo, Chem. RQVSep 9_1_9 441 (1947).



or other reduciblise or oxldizabis subacan.e 15 added Lehates ;.m050 g8 an
ideal polarized oleotrodoj. Potentials at zevo cnarge, as measured againsi
some reference elscircds, may be very diffsrent (as much aa cne volt) accord-
ing to whether one or the other meihcd is appiled. The reaszn for thia dif-
ference was the odjsct of a controversy beiween Billiﬁara ard Palmaor59 but
the argument was never seitied. The fundamenisl differencs between the two
types of mensu-sment is discussed quantitativeliy in this papere.

The relationship between potential at zero charge and work function of
the metal has already been dlscussed by seversl suthors. Veselovsky6 pointed
out that the difference between the zerc charge potentianls for silver end
mercury electrodes is virtually eqzl to the difference between the work funce
tions of these motals. According to Grahamojg FrumkinT expressed similar
ideas more than twenty years ago. Vasanin8 recently pointed out that a plot
of potential at zero charge (measured with respect to some reference alectrode),
against work function for various metals hae a sicpe smaller than unity. This
result was acgountsed for by the action of multipoies of the solveni at tne
interface electrode-soiution. As far as we know no distincticn tetween data
obtained with ideal polarized end reveraitlie electrodes is made by thess

Russiecn authors.

In the following discussion we shgli use the Gaiveni, Voite, and surface

We Palmaer, Z. Elektrochem., 9, 754 (1503); Z. physik. Cnem., 55, 129 (1907).
V.J. Veselovaky, Acta Physicochim. U.Ro3.%., 11, 815 (19359).

A.N. Frumkin, Colloid sSymnosium annusl, 7, 89 (1930).

® ~N O U &

R.M. Vasenin, Zhur. Fiz. Khimo, 27, 878 (i953).

J. Billiter, Z. Elektrochem.;, 8, 638 (1902); Z. physik. Cnem., 5L, 156 (1905).



potentials introduced by Lango9-ll. The definiticn of thess polentials will
be briefly recalled. The Galvani or inner potential, *9 » of a phase is
defined as the electrical work invoived in tringing a unit positive charge
from infinity into the phase. The Volta or suter potential, #/ , of a phase
is defined as the work required to bring a unit positive charge from infinity
to a point just outside the phase where the influence of the image forces is
negligible, 1.6, £t about lO-h cm. from the surface of the phase in a state
equivalent to the Jshottky statolzo The meaning of the expression "just outseide
the phase" is discussed by adamlz. The surface potential, jK, s ¢f a phage is
defined by the electrical work involved in transferring s urit rositive charge
from a point just outeide the phase into the phase. The difference between
the Volta potentials of two phases 13 g well-defined and measurable quantity,
while the corresponding difference of Gslvani potentials cannot be measured
and, according to Guggenhoimlaﬂ cannot even be defined. Strohlov15, although

he recognizes that differences of Galvani potentials cannot be measured, adcpis

the lass extrewe and more fruitful approach thet such Jdiffersnces of potential

9 E. Lange, Handbucn der Experimentaiphysik. Vol.1l2, Pt.2, Akademische
Verlagsgessllschaft, Leipzig, .933, 267 ff.

10 O. Klein and E. Lange, Z. Elektrocham., 43, 570 (1537).

11 E, Lange, ibid., 55, 76 (i953i); 56, 94 (1952).

12y, schottky and Rcthe, Handbuch der Experinentalghysik, Vol.12, Pt 2,
dkadomische Verlagsgasailschaft, Leipzig, 1928, 145 ff.

15 N.K. Adam, The Paysices and Chemistry of 3urfaces, 5rd Ed., Oxford Univer-
sity Prese, Lcndon, 1941, p.350Z.

14 E.A. Guggenheim, J. Phys. Chem., 33. 842 (1929); 34, 1758 (1930).

15 H. Strehlow, Z. Elektrochem., 56, 119 (1952).
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could in principis be calculated.

The above potentials are related by the equationg-

p=f % @

The e.m.fo across a complete electrochamicssl celi can be computed from

Galvani or Voita potentials as indicatsed in Fig.l, where V represents either
19 or y/ s
IDEAL FOLARIZED ELZCTRODES

Consider the cell of Plgel and assume :hat metal I — solution II is
an ideanl polarized electrode. The phases III and IV form a nermal calomel
electrode, which is connected tc metal I. The e.m.r¥. of the cell is the sum
of the differences of the Galvani or Volta potentials. The e.m.f. is positive
when the electrcde I on the 'af% i3 positive with respect to the electirode I
on the right. The difference of potential for the interface I~II depends on
the adscrption of icns and on the crientation of multipoles of the solvent
(water) in II, The charge at the interface can te changed by appiying a
voltage to the co2ll, and the e.m.f. correspending to zero charge at the inter=
face I~II can be determined by several methods deacribed in Butier's reviawlso
For example, the e.m.f. of the cell of Fig.l, when metafyaa mercury, is in the
immediate vicinity of =~C.50 volt in the absense of an electrocapiilary active
species in 301ution§.

If metal I is changed, it is observed that the e.m.f. cf the ceil cor-

responding to zero charge varies. @ pilot of sxperimental values of the e.m.f,

16 JoAoV. Butler in Electrical Phenomena at Interfaces, J.,A.V. Butler Ed.,
Methuen, Londen, 1951, pr 30=T4.
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of the ceil against the work function™ of metsi I is sucar in Figed.

A fow experimental potentials at zero chargs sre nct pilotted in Fig.2 because
of the uncertainiy on the corresponding work functicns. Thus, data19 for
zinc (~0¢63 voit) and tellurium (+ 0.6l wcit) are ncs shown. Data for plati-
num sre uncertain, and the potential at zexc charge, + 0.28 veit, instead of

the value +0.42 volt plottsd in Fige2, is quoted by Butier?, The value of

the work function of platinum is, at any rate, rather uncortainlY. The pointis
(s0lid oiroles) of Fig.l cluster along a line having a slecpe of one. If one
accepia this value of the slope, ths Jifference of Volta potentiazls for an
1deal polarized eiectrode is constente. The argument is as fcllows.

The difference of Volta potentials yﬁz- - %é in the expression of the

e.m.fe Of the cell of Fig.l varies as the metal is changed. In vicw of the

17 Work function values from Handbook of Chemistry and Physics, C.D. Hedgman

Ede, Chemical Rubber Publishing Co., Cleveland Ohic, 1951, pp.2128-2131.

18 Potentials at zero charges T. Veslovsky, aActa Physicochimey; U.Ro35.Ses

11, 815, (1939) for Ags Jo. Billiter, Z, Elektrochem., 14, 624 (1908) for
Cu; E. Murtazsev end J. Gorodetzkajs, Acta Physicochsm., U.R.5.5., #, 75
(1936) for Ga; D.Co. Grahame, Chem. Revs., 4i, 441 (1947) for Hgs R, Par-
Aons, 2, Elektrcchem., 55, 113 (1951) for Ni: T.J. Borisova, B.V. Ershier,
and A. Frumkin, J. Phys. Chem., U.S.8.Ro, 22, 925 (i948) for Pb; J, Bil=-
liter, Z. Eisktrccnamo, 8, 638 (1902) for ;Eﬁ Ao Frumkin, J, Cclloid Bci.,
1, 277 (1546}, and T. Boriscva, B.V. Ershler, and A. Frumkin, Zhur. Fiz.
Khime, 22, 925 (1548) for Ti; A. Frumkin, Vestnik Moskewv Urive, 7 No 9,
37 (1952) for Cd.

i9 See last raeaference in footnote 18,

20 gee ref.16, p.il.
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definition of vhe werk funciion, one has™ ’

v
‘}UJJZ - 7"1 = — (VW - WI)

where the W's are ihe work funcrions expressed in voits. Tne difference
between the work finctions accounts for the experimental variations of the
e.m.fo at zero charge for different metals, and ccnsequentiy the term
?& = 7%[ in the expression of V (Fig.l) is independent of the nature of
metal I. In other words the difference of Volta potentials at zero charge
for ideal polarized electrodes is constent regardless of the nature of the
electrode, It should *a noted that this conclusion was reached from experi-
mental results, and :gfidoduced from a_priori considerations. The difference
of Velta potentials at zerc charge cen te evalustad as follows.

The difference of Volie potentials for the normai calomel electrode

10 55 +0.17 volt. S$ince the

llUHg - 77)1 » as measured by Klein and Lange
e.m.fo for the cell of Figel is practicaily -Co50 when the metai I is mer~
cury, the difference of Voita potentials, ( yé.- %4)20009 for the idesl
polarized slectrode at zerc charge is =0.35 volt. This value is approximate
since the datum of Kiein and Lange is affected by the errors resulting from
experimental difficulties.

The calculavion of the difference of Gaivanl otentiais wouid require
the value of the difference between the surface potentials of phases I anrd II.
The surface potentisgl fcor aquecus solutions egainst an inert gas waas evaluated
as =0.36 voit by ﬁtrehlov15o It is essentially independent cf the eiectro-

15, cz

lyte (ro slecirocapillary active substance rresent) at least for noi

too concentrated soliutions; ssy, less than O,1 Mo The surface pctentiaas

2l P, Van Rysselbarghe, J. Ghem. Phye., 21, 1550 {1953).

22 2. Prumkin, J. Chem. Physo, 7, 552 (1939).



primarily results from the orientevic~ of water multipoies = mainly dipo.es -
with their positive poies toward the inert gas. On the basis cf the value
'XJI=‘- =0,36 voli one deduces from (l) the difference tsiweenn Galvani poten-

tials

G- (B (e o

or, in view of “he value =0.33 voit for the diffsrence betwsen the yb‘k

(sce above) at zero charge,

(fr - %), . = ~0.23+0.36+ Xz &)

This shows that the difference between Galvani potentials for an ideal
polarized electrode at zero charge is virtually equal to the surface potential
of the metal. dgain, it should be emphasized that there is some uncertainty
on the data used in this calculation.

The same conclusion can be deduced from the value of the difference of
Galvani potentials of 0.495 volt calculated by Latimer, Pitzer, and 3lansky>
for the normal calomel eiectirode. As was pointed out by severs:

15, 21, 22,

auihors 24, 259 the surface potential of mercury must be added to

the calculated value of 0.495 volt. Thus

(L,O”ﬁq _ (,OIUI)N,C.E = + 050 + %7 (5)

25> W.M. Latiner, K.S. Pitzer, and C.M. Slansky, J. Chem. Phys., [, 108
(1939).

W.C. Burgers, Cham. Weekbiad, 39, No 16-17, 1 (1942).

25 R. Piontelli, Int. Committes Electrochem. Therm. Kin., Proc. 2nd Meeting,
Tamburini, Milan, 1951, pp.344-36G.




If metal I of Fig.l is mercury, the s.um.f. of the celi, which is the

sum of the Gelvani potentials, is =0.50 volt5. Thus

i (% ~ et (fr - 7099)//.0 g

if one makes the justifisble assumption that the difference of Galveni po-
tentials between the solutions II and III can be neglected in this approxi-

k]
mato calculation . By combining (5) and (6) one obtains

(fr = f)re. = Xng "

which is precisely equation (4) as wiitten for the particular case of mercury.

REVERSIBLE ELECTRODES

Potentials al zero charge for reversible eiectrodes have bsen measured
by varying the ratio of the activities of the species involved in the revers-
ible electrode until zero charge is obtained. Experimental rosu1t326 are
given in Fig.2, which shows conclusively that the potential at zero charge
is independent of the work functicn of the meitsgl. This result can te explained
by considering the cell of Figol, If metal I is chenged the difference between

the Volta potentiala for phases IV and I varies because of verigtion of the

work function of metal I. However, the difference between the Volta potentisls

26 Experimental data: K. Bennewitz and J. 3chulz, 2. physik. Chem., 124,
115 (1926) for Ag and Cu; K, Bennewitz and A. Delijannis, ibid., 154,
113 (1931) for Hg; W.A. Patrick and C.L. Littler, J. Phys. Chem.; 54,
1016 (1950) for Ag, Au, and Pt; H.3. Oel and H. Strehlow, Z., physik.
Chem, (Frankfurt, H.F.), 1, 241 (1954) for Bi, The latter authors also

confirmed the previous results for Hg, Au, Pt, and Cu.



between I and II is changsd by the same amcunt as for IV ard I; because
electrons are now transferred across the interface I-~1I. This is the situa-
tion encountered in the measurement cf reduction potsntials with an inert
electrode. The e.m.f. of the cell i3 then ‘ndependent of the nature of the
inert electrode. One deduces from the foregoing considerations that the
difference of Voits potentials for reversible electrodes at zero charge

varies linearly with the alectronic work function of the metal.

CONCLUSION

Differences betiween experimental potentials at zerc charge as obtained
with reversible and ideal polarized electrodes can be accounted for on the

basis of consideraiions based on Galvani, Volta, and surface potentials.
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